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[57] ABSTRACT 

A direct band-gap semiconductor (54) is exposed to 
intensity-modulated photon radiation (56) having a 
characteristic energy at least as great as the energy gap 
of the semiconductor. This produces a time-dependent 
concentration of excess charge carriers through the 
material, producing a luminescence signal (58) modu- 
lated at the same frequency as the incident radiation but 
shifted in phase by an amount related to the lifetime of 
minority carriers. In a preferred embodiment, the phase 
shift of the luminescence signal is determined by trans- 
forming it to a modulated electrical signal and mixing 
the electrical signal with a reference signal modulated at 
the same frequency and having a phase which is known 
relative to the incident radiation. Minority carrier life- 
time is calculated by integrating a direct current compo- 
nent of the mixed signal (F*) over a 2 tr range in phase 
of the reference signal. 


14 Gaims, 3 Drawing Figures 
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METHOD AND APPARATUS FOR MEASURING 
MINORITY CARRIER LIFETIME IN A DIRECT 
BAND-GAP SEMICONDUCTOR 

5 

ORIGIN OF THE INVENTION 

The invention described herein was made in the per- 
formance of work under a NASA contract and is sub- 
ject to the provisions of PL 96-517 (35 USC Section 
202) with the Contractor not electing to retain title. 10 

TECHNICAL FIELD 

The present invention relates to the field of solid state 
electronics and. more particularly, to the nondestruc- 
tive measurement of minority carrier lifetimes in direct 15 
band-gap semiconductors. 

BACKGROUND OF THE INVENTION 

Direct band-gap semiconductors, such as gallium 
aresenide (GaAs), are useful, in a variety of devices. 20 
Two such devices, solar cells and fast computer 
switches, call for material of vastly different electrical 
properties, including the Shockley-Read-Hall lifetime 
( tsru ) of minority carriers. In solar cells, series resis- 
tance must be minimized to maximize output current. A 25 
longer lifetime permits charge carriers to move greater 
distances before recombination, reducing series resis- 
tance. However, rapid current decay is important in 
high speed switching, and short carrier lifetimes en- 
hance current decay. 30 

Prior attempts to measure minority carrier lifetimes in 
semiconductors are described in: O. von Roos, J. Appl. 
Phys. 50, 3738 (1979); U.S. Pat. No. 4,122,383, O. von 
Roos; and Weiner, et al., J. Appl. Phys. 55, 3889 (1984). 

In the methods of the von Roos publications, devices 35 
containing p-n junctions are irradiated by electron 
beams or monochromatic light to measure minority 
carrier lifetime. These methods are “destructive” of the 
sample in the sense that a p-n junction must be formed 
and ohmic contacts must be applied to measure an elec- 40 
trical signal. In the Weiner, et al. article, a short pulse of 
incoming laser light is applied to GaAs to trigger a 
luminescence pulse which decays in a characteristic 
time. Carrier lifetime is calculated from the decay time. 
The Weiner et al. method is nondestructive of the mate- 45 
rial, but is aperiodic and does not provide the accuracy 
desired in carrier lifetime measurements. 

The impact of radiative recombination and the reab- 
sorption of recombination radiation on minority-carrier 
transport in direct band-gap semiconductors has been 50 
explored in the following publications: O. von Roos, J. 
Appl. Phys. 54, 1390 (1983); and O. von Roos, J. Appl. 
Phys. 54, 2495 (1983). However, they do not treat the 
time dependent case and do not propose a means for 
measuring lifetime. 55 

Therefore, it is desirable to provide a method for 
accurately measuring minority carrier lifetime in a ho- 
mogeneous sample of a direct band-gap semiconductor, 
without altering the sample material by introducing a 
p-n junction or applying ohmic contacts to it. 60 

STATEMENT OF THE INVENTION 

The present invention provides a method and appara- 
tus for measuring minority carrier lifetime in a direct 
band-gap semiconductor having a preselected energy 65 
gap. The method comprises: producing luminescence 
radiation within a sample of the semiconductor by irra- 
diating the sample with incident photon radiation hav- 
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ing a characteristic energy at least as great as the energy 
gap; modulating the intensity of the incident radiation 
to induce modulation of the luminescence radiation at a 
phase shifted from the incident radiation; detecting the 
luminescence radiation; and isolating information as to 
the amount by which the phase of the luminescence 
radiation is shifted, as a measure of minority carrier 
lifetime. 

In a preferred embodiment, the phase shift of the 
luminescence radiation is measured relative to a refer- 
ence signal modulated at the same frequency as the 
incident radiation but different in phase therefrom. 
More specifically, an electrical signal derived from 
luminescence is mixed with a modulated reference sig- 
nal having a phase which is known relative to the phase 
of the incident radiation. 

In another preferred embodiment, the direct band- 
gap semiconductor is chosen from the group consisting 
of GaAs, ARGad-iiAs (x<0.44), InP, GaSb, and 
InAs, and is preferably GaAs. 

The invention makes use of the fact that, although 
radiative recombination of electron-hole pairs is fast in 
direct band-gap semiconductors, its influence on bulk 
carrier transport is small. Such recombination expresses 
itself as a renormalization of the diffusion constant 
which is noticable only at high doping levels (N^> 10 ls 
cnr J for n-type GaAs). In addition, the luminescence 
radiation contemplated herein is strictly that due to 
band-band transition at room temperature. All other 
radiative processes, such as band-donor, band-acceptor, 
donor-acceptor and other transitions, can be ignored 
since they occur predominantly at low temperatures. In 
any case, band-band transitions constitute the vast ma- 
jority of all photon processes in nonequilibrium direct 
band-gap semiconductors. 

In the method of the present invention, incident radi- 
ation having a photon energy well above the band-gap 
energy of the semiconductor is modulated in intensity at 
a preselected frequency. Photoluminescence radiation 
induced in the sample is modulated at the same fre- 
quency, but is shifted in phase relative to the incident 
radiation. 

The luminescence signal is transformed to an electri- 
cal signal and mixed with a modulated reference signal, 
which may be derived from the power supply used to 
generate the incident radiation. The reference signal is 
modulated at the same frequency as the incident radia- 
tion, and the phase of the reference signal is variable. 
Because the two signals are of the same frequency, 
mixing produces an output having a dc component 
which contains information as to the difference in 
phase. After the dc component is isolated and integrated 
over a 2v range in phase of the reference signal, a sim- 
ple calculation yields the minority carrier lifetime to a 
high degree of accuracy. 

The method of the present invention is highly accu- 
rate, but is not destructive of the sample. It can be per- 
formed on any exposed surface of a direct band-gap 
semiconductor, and can be used either for quality con- 
trol in the manufacture of semiconductive material or to 
characterize existing material and devices. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The above and other features of the present invention 
may be more fully understood from the following de- 
tailed description, together with the accompanying 
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drawings, wherein similar reference characters refer to 
similar elements throughout and in which: 

FIG. 1 is a schematic representation of an apparatus 
useful in performing minority carrier lifetime determi- 
nations according to a preferred form of the present 
invention; 

FIG. 2 is a diagrammatic cross-sectional view of a 
sample of a direct band-gap semiconductor undergoing 
a minority carrier lifetime determination according to 
the method of the present invention; 

FIG. 3 is a graphical representation of the transmis- 
sivity of a sample of GaAs to luminescence radiation in 
the outgoing direction, as a function of angle. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring now to the drawings, specifically FIG. 1, 
one form of measurement apparatus 50 constructed 
according to the present invention comprises a light 
source 52 irradiating a sample wafer 54 with an ampli- 20 
tude modulated incident light beam 56. such that photo- 
luminescence radiation 58 is emitted at the same modu- 
lation frequency as the incident beam but at a phase 
shifted therefrom. The luminescence radiation 58 is 
transformed to a suitable electrical signal by a photo- 25 
multiplier 60 and a volt meter 62, and is mixed with a 
reference electrical signal which is modulated at the 
same frequency as the incident light beam and has a 
known phase relationship to the incident beam. Because 
the two mixed signals are modulated at the same fre- 30 
quency, the output has a dc component representative 
of the phase shift between them. The dc component is 
isolated, summed over an angle of 2 ir radians in the 
phase of the reference signal, and used to calculate 
minority carrier lifetime. 

Referring to the system of FIG. 1 in greater detail, 
the light source 52 is driven by an ac generator 64 and 
a dc power supply 66, both acting through a trans- 
former 68 to apply a combined signal of the general 
form: V=Vo+Vi cos fit. The generator 64 provides a 40 
second (reference) ac signal to a phase shifter 70. The 
element 70 shifts the phase of the reference signal by a 
variable angle (<|>«) producing an output having an 
amplitude modulated as cos (flt+<J>«). 

When the material being measured is GaAs, the light 45 
source 52 may be a mercury discharge lamp having a 
characteristic wavelength of 250 nanometers (approxi- 
mately 5 electron volts) and arranged to illuminate a 
spot approximately 1 square centimeter in area. The dc 
component (Vo) of the applied voltage keeps the source 50 
52 within its operating range, while the ac component 
(Vj cos fit) modulates the intensity of the light pro- 
duced. The light beam 56 from the source 52 takes the 
form Iq+Ii cos fit, with Io representing the average 
intensity and I| the amplitude of modulation. Typically, 55 
the beam is passed through one or more filters 72 before 
it reaches the sample. 

Alternatively, the light source 52 can be a laser or 
other light source which is suitably coherent and mono- 
chromatic, as long as the light produced by the source 60 
has a photon energy above the band-gap of the semicon- 
ductor material to be measured. For GaAs, the energy 
must be greater than 1.43 electron volts. 

When the intensity modulated light beam 56 impinges 
on the sample, a portion is absorbed by the sample and 65 
generates free charge carriers therein. The carriers dif- 
fuse throughout the sample, their densities being modu- 
lated by the frequency (fl) at which the intensity of the 
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light beam is modulated. As Ihe carriers diffuse, the 
emil characteristic luminescence radiation which is 
similarly modulated. Owing to a time lag between diffu- 
sion and the filling and the emptying of recombination 
5 centers, the diffusion current and the luminescence 
radiation exhibit a characteristic phase shift <)> with 
respect to the externally applied radiation. The phase 
shift depends on the Shockley-Read-Hall lifetime 
(T.siai) of minority carriers and other important parame- 
10 lers of the material, including surface recombination 
velocity (s) and absorption coefficient (a). The surface 
recombination velocity affects the phase shift of the 
luminescence radiation only slightly when the surface 
recombination velocity is very large. 

In the present method, some of the luminescence 
radiation escapes outwardly through the surface of the 
sample, where it can be measured. The range of angles 
over which radiation escapes is illustrated in FIG. 3, 
which depicts transmittance as a function of the angle 
made by outgoing radiation with the normal to the 
sample surface. Ultimately, the range depends upon the 
index of refraction of the sample for the frequency of 
luminescence radiation. In the case of GaAs, radiation 
escapes only if the angle with the normal direction is 
between 0 and 17.105 degrees. 

The intensity of the luminescence radiation is modu- 
lated at the same frequency (ll) as the incident light 
beam. Only the phase of the modulation and the photon 
energy are different. 

The luminescence radiation 58 is passed through a 
filter 74 to the photomultiplier 60, where it is trans- 
formed to an electrical current modulated with the 
same frequency and having the same phase as the lumi- 
nescence signal. The filter 74 blocks out noise and re- 
35 fleeted light by passing only luminescence radiation of 
approximately 1.45 electron volts. 

The signal from the photomultiplier 60 is applied to 
the volt meter 62, which generates a primary voltage 
signal (signal 1) applied to a mixer 76 and an AGC 
(automatic gain control) signal applied to an amplifier 
78. The amplifier 78 amplifies the reference signal (cos 
(fit -F 4>/?)) according to the magnitude of the AGC 
signal, and the output (signal 2) is applied to a second 
input of the mixer 76. The AGC signal, in combination 
with the amplifier 78, causes signal 2 to be equal in peak 
amplitude to signal 1. 

Signals 1 and 2 are modulated at the same frequency 
as the intensity of the incident light, but are each shifted 
in phase from it. Signal 1 is shifted in phase by an 
amount determined by the minority carrier lifetime of 
the sample material, and signal 2 is shifted by the angle 
4>r- 

The mixer 76 may be a heterodyne circuit of the type 
found in television and radio sets, effectively “multiply- 
ing” the two periodic input signals. Thus, the output or 
“mixed” signal has components representing the sum 
and difference, respectively, of the frequencies at which 
the input signals are modulated. Because the frequencies 
of the input signals are the same, the output has an ac 
component of twice the original frequency and a dc 
component representing the difference in phase be- 
tween the signals. The mixing operation can be under- 
stood in terms of the following product of two sinusoi- 
dal signals which differ only in phase; 

cos (li/+<J>i)-eos (n/+<f>7)=£ [cos 
(211/ | +<f» 2 )+cos (4>t — 
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The first term of the product represents the ac compo- 
nent of the “mixed" signal, while the time-independent 
second term represents the dc component (F,/<). The do 
component is isolated by a conventional low pass filter 
78. The signal is then converted to digital form and 5 
interfaced with a computer, as indicated at 80 of FIG. 1, 
for calculation of minority carrier lifetime. 

Minority carrier lifetime is calculated by performing 
the following integrations: 

10 

. 2n + a (I) 

— J cos<|> M = Fi(Sl). 

(X 

(equal ion 29a. below) 

, 0 + 2:7- (II) 15 

— ~ f sin<f> /•'</<• <M> = 

7T J 
a 

(equation 29b. below) 

The integrations are performed by measuring F,/ ( . at 
different angles in the phase of the reference signal, and 
numerically integrating over a 2tt range. The resultant 
quantities, F|(o>) and Fi(tt>), are then substituted into the 
equation 



(equation 31. below) 


for determination of ilr p , where r^is defined as tsrh for 30 
holes in an n-type sample. In a p-type sample, the rele- 
vant quantity would be r,„ but the expressions (I), (II), 
and (III) would be similar. In either case, division of fir 
by the frequency yields the desired quantity, r. 

Equation (III) is based on the assumption that fir is 35 
small. If the quantity fir turns out to be too large to 
support the approximation, the procedure can be re- 
peated at a different (lower) modulation frequency. 

Once the sample is positioned relative to the appara- 
tus 50, the signal generator 64, power supply 66 and 40 
transformer 68 are activated to illuminate a portion of 
the sample with intensity modulated light of desired 
photon energy; intensity and modulation frequency. 
The luminescence radiation produced in the sample is 
detected by the photomultiplier and transformed to an 45 
electrical signal of similar modulation frequency and 
phase. The electrical signal is “mixed” by the element 
76 with a sinusoidal reference signal of the same fre- 
quency, producing a mixed signal having a dc compo- 
nent (F*) which contains phase information. The quan- 50 
tities Fi and Fjare obtained by integrating F*over a In 
range in the phase of the reference signal. The phase 
shifter 70 may be controlled by the computer (inter- 
faced at 80 in FIG. 1) to perform the required numerical 
integration, after which the computer uses the quanti- 55 
ties Fi and F 2 to solve the equation (III) for t p . 

The mathematical expressions (I), (II) and (III) are 
derived by assuming a homogeneously doped n-type 
sample of GaAs having dimensions which are large 
compared to the diffusion length of minority carriers. 60 
Since diffusion lengths in n-type GaAs are generally 
less than 5 microns, an epitaxially grown layer of extrin- 
sic GaAs having a thickness of 50 microns may be con- 
sidered an “infinite” sample as far as diffusion of carriers 
is concerned. A similar approximation holds true for the 65 
absorption coefficient (a) when doping is not too high. 
For Np<5X 10 18 cm--\ a drops from a high value of 
10 4 cm - 1 to 10 cm - 1 over a comparatively small range 


of energies, so that the approximations used in O. von 
Roos, J. Appl. Phys. 54, 1390 (1983), are also applicable. 
Those approximations include: (a) treatment of the sam- 
ple as an infinitely extended body; and (b) representa- 
tion of the absorption coefficient as a step function over 
the angular frequency, as far as hole transport is con- 
cerned. 

A 50 micron thick layer of extrinsic GaAs can be 
treated as an infinitely extended sample for purposes of 
photon transport by radiative transfer, even for photons 
possessing an absorption coefficient (a) of approxi- 
mately 100 cm-', because the extrinsic layer is grown 
epitaxially on a substrate of intrinsic or compensated 
GaAs many mils thick and the refractive indices of 
extrinsic and intrinsic GaAs differ very little. Conse- 
quently, there is negligible reflection at the extrinsic- 
intrinsic interface and all photons passing to the sub- 
strate will be absorbed there. 

A simple analysis shows that equations (33) of O. von 
Roos, J. Appl. Phys. 54, 1390 (1983) for the photon 
distribution function (f_) may be used, provided that 
the limit (infinity) on all integrals is replaced by W, the 
thickness of the extrinsic layer. The result for the com- 
ponent of the radiation field which travels toward the 
surface is 

(1>) = 7) *a((t>)/ , o tWA'/- 

, r v «<--- --'1/1 (1) 

This expression is valid for tj = cos 0 < 0. The notation is 
the same as in O. von Roos, J. Appl. Phys. 54, 1390 
(1983), and is depicted generally in FIG. 1. The function 
p(z') is the excess hole concentration, which is time 
independent, and Po is the equilibrium value of the hole 
concentration. We also assume that the exciting light 
possesses an angular frequency (a>i) which is such that 
the quantity a(o>i) is greater than 10 4 cm- '. By equation 
56 of O. von Roos, id., we know that p(z) behaves as 
a]e -a(o>i)z/T)] + a2 e -z/L Therefore, replacing the inte- 
gration limit W with infinity constitutes a negligible 
error, proving the validity of the assumption of an infi- 
nitely extended sample. 

In order to fully utilize the theory of O. von Roos, id., 
one more condition must be met. The beam of mono- 
chromatic light at the frequency on must illuminate 
uniformly a surface area which is large compared to the 
diffusion length L of the carriers. In that case, edge 
effects at the boundary between illuminated and dark 
semiconductor material may be neglected and a one- 
dimensional analysis may be applied, provided that the 
emerging luminescence radiation is sampled from the 
vicinity of the center of the light spot. 

The following discussion implements the theory de- 
veloped in O. von Roos, id., suitably modified for the 
time-dependent case, in accordance with the assump- 
tions set forth above. An incident photon flux impinging 
on the semiconductor surface, as indicated in FIG. 1, is 
given by the real part of 

N m =Nx (< "+/Vx (I V' U ' (2) 

The photon flux N\, in units of cm -2 sec -1 , is modu- 
lated with angular frequency fl and makes the angle do 
with the normal to the surface. The angle 0i between 
the direction of the flux inside the sample and the nor- 
mal to the sample surface is given by the approximate 
relationship 
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sin ii] - n\ 1 sin fin (3) 

where ni is the refractive index at the light frequency 
coi. Equation (3) is only approximate since the extinc- 5 
tion coefficient i< is non-zero, particularly for large 
frequencies. For a photon energy of 5 eV 
(oil = 7.583 X 10 l: ' sec •) and a sample of GaAs, we 
have ni=2.273 and j<i =4.084. The exact connection 
between 0o and 0\ in such a case is given by Born and ll) 
Wolf, Principles of Optics, 5th Ed. Pergamon Press, 
Oxford p. 616 (1975). However, calculations show for 
the above-quoted values of ni and ki that the difference 
between the correct angle 0|, and the angle 0| obtained ]5 
from equation (3) is only 0.5 degrees for 0o=4O degrees, 
and 2 degrees for 0o=8O degrees. 

Keeping in mind the derivation of the diffusion equa- 
tion for holes given in O. von Roos, J. Appl. Phys. 54, 
1390 (1983), and the assumptions discussed above, the 20 
excess hole concentratin p can be determined from the 
relation 


( Ojt Dr) 



JL 

r r 


(4) 

25 


The surface recombination velocity (s) is rather large 
for GaAs (s> 10 h cm/sec) and overwhelms all effects of 
the recombination radiation at the surface, as shown in 
O. von Roos, J. Appl. Phys., 54, 1390 (1983). The solu- 
tion of equations (6) and (7) is then given by: 


/>1 = (1 - K(i7i))a|L' : A'V'ZJ 1 :< (X) 

|l (a i/.'/tji )-] 1 (^c ^ t ^ ^ c :/L ^ . 

where %=L's/D p (<p 

The actual excess hole number density is given by the 
real part of pi-e ,!1 '. 

The modulated luminescence signal emerging from 
the sample is then determined as follows, starting with 
the radiative transfer expression given as equation (25) 
of O. von Roos, id.: 


- [1 - K(|7)i|)]aic “'-Tl (Af + A K A "e '”'). 

Dr is the radiative diffusion constant (equation (43a) of 30 
O. von Roos, id.) and r p is the Shockley-Read-Hall 
lifetime. 

The question of whether t p of equation (4) for time- 
dependent cases is the same as the usual expression for 35 
the Shockley-Read-Hall lifetime for the steady state 
case has been analyzed for low level injection condi- 
tions in O. von Roos, J. Appl. Phys. 51, 4523 (1980). 
Although the referenced work concerned itself mainly 
with silicon, the analysis holds fo GaAs, as well. That is, 40 
Ty, of the time-dependent equation (4) signifies the steady 
state lifetime, provided that the density of recombina- 
tion centers (N,) is small compared to the equilibrium 
electron density (No) and that the energy levels of the 
recombination centers lie near mid-gap. Since the den- 45 
sity of donors in n-type GaAs is greater than or equal to 
10 17 cm- 3 , the first condition is usually satisfied. We 
assume the second condition also to be satisfied, as it is 
with Fe, Cr or O in GaAs. 

Turning to equation (4), we substitute 50 

/>=A)09+/>l(zk~' !1 ' (5) 


/ , N 

I q. 1 — 4 V J. j f~ «(<■>) (C '"" /k 1 p/l'o - A 

Substituting 

/— and p=p\ (11) 

yields: 

df\ - (12) 

iJ- 57 - = ae ,m/kl p\/Po - (a - /O/qO/i. 

But Cg=c/n, where n is the refractive index at the fre- 
quency ft, and 

a> >ntl/c (13) 

because a above the band gap is much larger than 100 
cm -1 for the frequencies of interest and nft/c<0.1 
cm- 1 (using n = 3, ft< 1 GHz and c=3x 10 10 cm/sec). 
The flux of radiation just inside the sample at the surface 
z=0, going in the direction 9 >90 degrees (toward the 
outside) and crossing the surface, is given as 

„ 2„2 ( 14 ) 

1 7)1 F\o>, 7), /) do dSl = -2-2— /_ (0, tj, 01 , r) do j 77 [ da 

477 } C~ 


and obtain for the ac component (pi) the following 
equation 

d 2 Pt Pi < 6 ) 

•— r+T r = —D~ 1 ai A^ 1 (1 - /?(|7 )l |))e-“'-’ / ’ll. 
az- L z 

60 

Here we have defined 
D=D p +Dr\ 

L' = [(jD / ,+D/ i )T / ,(l-/n7,,)- 1 ]l=L(l-/nT / ,)-l (7) 65 


where 

/_ (0. 7,. o. t) = (15) 

CC 

-7)- 1 P,Y l e -no/kT a f e ar/T l Rc {p\(z) dz 

0 

for i)<0. In equation (15), the integral extends to infin- 
ity, for the reasons discussed above. The term dft signi- 
fies a solid angle element sin 0 d 0 d(j> inside the semicon- 
ductor. 

Acc ordin g to Snell’s law, 

/iV 1 — 7}~ = n sin fl = sin 6„,„. 


As the boundray condition at the surface z=0 (see.FIG. 
1), we take 


( 16 ) 
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With 0„„, representing the angle between the direction 
of luminescence radiation and the outward normal to 
the surface of the semiconductor, we obtain 


n - cos iti!„„,. 


(17) 5 


Therefore, the flux of radiation in the direction (0,„„, 4>) 
outside the semiconductor is given by 


cos (f Omn. 

l)ll<Ollil, ml ~ll -[ I 
0 , ,1, /Oil i . 


0( 1 1) | )]/•'(<«>, rj. I)<lu> cos 


(IK) 


For kssO and unpolarized light, it can be shown that 


i - 0<|ij|> = 


4/j 


(n + I) : 


(l‘>) 


independent of angle. This is shown in FIG. 2 for 
n = 3.4. A rapid drop of the transmissivity, 1 — R, can be 
seen to occur between 0=16 degrees and 0=17.1 de- 
grees, corresponding to 0„„,=7O degrees and 0,„„= 90 
degrees, respectively. The results (18) and (19) pres- 
ented here are in agreement with work described at J. 
Vilms, et al., J. Appl. Phys., 36, 2815 (1965), with 
n — 2 ( 1 — R( | tj | )) cos 0„„,dU„„, being essentially the fac- 
tor {, of that reference. 

Redefining the angle 0 according to the inset of FIG. 
2, we have — rj— cos 0>O, since now the z-axis points 
in the direction of the outward normal. Substituting 
equation (8) into equation (15), performing the integra- 
tion and collecting all terms, we obtain the final result 
for the flux of luminescence radiation per frequency do> 
and per solid angle outside the semi-conductor: 


dF i 


35 


( 20 ) 


da di 1„„, 


[1 - /t(i)i)J [1 - 0(1))] 
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Using equations (7), (19) and (20), we obtain the follow- 
ing result for the case of large s and ap 
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The intensity of the photoluminescence to be ex- 
pected can now be computed from equation (23) using 
the values given in Table 1. Looking for radiation at 1.5 
eV, excited by radiation at 5 eV, the case of zero modu- 
lation frequency (11=0) reduces to: 


25 
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With a bandwidth of Ao> = 10 1 1 sec~ 
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(25) 


40 


45 


For a power flux of 10~ 4 W/cm 2 , when 
Af\0)= 1.25X 10 14 cm -2 sec -1 (at ha>i = 5 eV), about a 
million photons per cm 2 and per second escape the semi- 
conductor at the photoluminescence frequency of 1.5 
eV. This flux is sufficient to permit detection by photo- 
multipliers. 

TABLE 1 

The Values of Parameters Used to Evaluate the 
Luminescence Flux at 1.5 eV Photon Energy 


This is the number of photons emerging from the sam- 50 
pie per frequency and solid angle, moving in the direc- 
tion Oout and (J>. 

The connection between 17= cos 0 and 0„„/ is given by 
equation (16). L' is defined by equation (7) and E, is 
defined by equation (9). Since the surface recombina- 55 
tion velocity (s) is usually quite large, the absolute value 
of E, is also large compared to unity (for L=2 microns, 
s= 10 6 cm/sec and D = 5 cm 2 /sec, Ls/D p =40, for in- 
stance). In this case, 


hoi = 1.5 eV 

a = 1.22 X 10 4 cm~ 1 

w = 2.275 X I0 IS s - 1 

ai = 2 X 10 * 1 cm -2 

n = 3.666 

T(tjj) = 1 - R(rjj) = 0.4 
(at Oout — 40° 

ni = 2.273 

Po = 5 X 10 “ 6 cm-' 
(corresponding to 

ho)| = 5 eV 

No = 5 X 10 17 cm - ') 

7) = 0.985 (corresponding 

s = I0 6 cm *-! 

to Bout = 40 ) 

171 = 0.959 (corresponding 
to 6 ou i — 40 ° 

D = 5.2 cm 2 s ~ 1 

(corresponding to 
No = 5.X I0 17 cm” 3 ) 

L = 2 /jim 


60 


a\L‘ + i 

1 + I 


= I + 


a|£>„ 


( 21 ) 


At a photon energy of 5 eV (0.25 micron wavelength), 
the absorption coefficient, (ai) has a maximum value for 65 
GaAs of ai =2x 10 6 cm~'. The expression (20) then 
can be simplified considerably, yielding for the term in 
braces of equation (20) 


[n, m, a and ai are derived from D. E. Aspnes et al., 
Phys. Rev. B 985 (1983). Po has been computed from 
equation A6 of O. von Roos, J. Appl. Phys. 54, 1390 
(1983), using n,= 1.9X 10 b cm 51 3 ; the value of L comes 
from H. C. Casey, Jr., et al., J. Appl. Phys. 44, 1281 
(1973); the transmissivity (T(i)i)) has been computed 
from the formula given in M. Born, et al., Principles of 
Optics, 5th Edition, Pergamon Press, Oxford, p. 616 
(1975), using paragraph 13.2 on page 615 and assuming 
ni =2.273 and Ki =4.084; and T(0i) has been computed 
as a function of 0„„,=0 O and is seen to be polarization 
independent for 0o<5O degrees.] 
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The determination of the phase shift and the lifetime 
(77,) proceeds according to the following procedure, 
which is similar in some ways to that described in O. 
von Roos, J. Appl. Phys. 50, 3738 ( 1 975)). Taking the 
real part of the quantity in braces in equation (23), we 5 
have 
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Equation (26) gives the time dependence of the lumines- 
cence signal. If we now mix this signal with a signal of 
the form cos (flt+4>) derived from the original modula- 
tion, where <f> is an arbitrary but constant phase shift, we 
obtain the following dc component containing phase 30 
shift information: 


F ( / C —F](il) cos d> + F>(n) sin <f>. 

Now, forming the integrals 

277 + 0! 


(28) 


35 


V I 


cos<{> Fdcdt J> = Fj(fi), and 


(29a) 


T f 


a + 2n 


sin«f> F ( j c c/4) = Fjiil), 


(29b) 


40 


yields the functions F i and F2. This procedure may be 
repeated at different modulation frequencies if fir,, turns 45 
out to be too large. For small D.p p , it follows that 


F\ 


1 , „• 7 ilr P 

— j — ; , and ri = — — 

aL + V 2 (aL + 7J) 2 


and consequently 


(30) 


50 


a T„ = — Ft F7 
P 7j - 1 


( 31 ) 


55 


If, upon substituting values for F) and F2, it appears that 
ClTp is too large to support the above assumption, the 
procedure can be repeated at a different (lower) modu- 
lation frequency. 

in Table 2, values of Fi and F2 are given for various 60 
assumed values of C1t p , using parameter values from 
Table 1. Also shown are values of C1t p recalculated 
from equation (31). We see that the error is fairly small, 
even at D,t p = 1. Thus, the procedure is fairly insensitive 
to the assumption that C1t p is small. Since t p is between 65 
approximately 10~ 8 and 10~ 9 seconds, as described in 
H. C. Casey, et al., J. Appl. Phys. 44, 1281 (1973), we 
are considering modulation frequencies of the order 
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2771777, =0.1 or vjl.6— 16 MHz. Frequencies of that 
order are easy to manage. 

TABLE 2 


The functions I*i ;iml Ft of cqualions (27) calcu- 
laled with parameter values from Table 1 as a function 
of ilTp, ami a recalculation of U~,> usin^ equation (21). 


Il7f, F'l l ; 2 cq. (31) error in 


0.1 

0.2918 

0.0042 

0.0999 

0.01 

0.3 

0.2905 

0.0124 

0.2973 

0.3 

0.6 

0.2867 

0.0235 

0.5804 

2 

0.8 

0.2832 

0.0299 

0.7575 

4 

1.0 

0.2794 

0.0356 

0.9249 

7.5 


The procedure discussed above is predicated on a 
knowledge of the magnitude of the intensity of the 
luminescence radiation (equation (23)). A different 
method, which avoids the need for this calibration, is to 
simply take the ratio Fi/Fi. From equations 30 we 
obtain 




■ ilTp/ial. 4 7)). 


(32) 


since 


L = \'DTp. ( 33 ) 

Equation (32) constitutes a quadratic equation for the 
determination of t p , once the diffusion constant D (eg 
(7)) has been estimated. 

According to the preceeding analysis, it is possible to 
estimate the lifetime of minority carriers in GaAs by 
monitoring the photoluminescence induced by an inten- 
sity modulated light beam. The analysis leads to rather 
simple results, provided that certain prerequisites are 
met. The frequency of the exciting light must be rather 
high (for GaAs, ho)i=5 ev, corresponding to a wave- 
length of 2500 angstroms), so that absorption is high. 
The radiation beam spot must be at least on the order of 
1 cm 2 and illumination must be fairly uniform. How- 
ever, the power requirements are modest. An intensity 
of 0. 1 mW/cm 2 for the modulated part of the light beam 
is sufficient. Photomultipliers at the luminescence fre- 
quency (=1.5 eV) and associated electronics capable of 
handling signals of approximately 10 MHz are available. 

While certain specific embodiments of the invention 
have been disclosed as typical, the invention is not lim- 
ited to these particular forms, but rather is applicable 
broadly to all such variations as fall within the scope of 
the appended claims. For example, the various compo- 
nents of the apparatus 50 may be any suitable compo- 
nents able to perform the functions described herein. 
The acquisition and design of such components are well 
within the capabilities of a worker skilled in the art. 

Some other direct band-gap semiconductors suitable 
for analysis by the method of the present invention are 
listed in Table 3, along with values of their bandgaps at 
room temperature. 

TABLE 3 

Three direct gap semiconductors other than GaAs 
suitable for lifetime measurements according to the 

described method. 

Band-Gap at Room 
Semiconductor Temperature (eV) 

GaSb 
In P 


0.67 

1.27 
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TABLE 3-eontinued 

Three direct gap semiconductors oilier than CiaAs 
suitable for lifetime measurements aceording to the 

described method. ' 

Band-Gap at Room 
Semiconductor.' 'Temperature (eV) 

1 11 As 0.1 6 


What is claimed is: 10 

1. A method of measuring minority carrier lifetime in 
a direct band-gap semiconductor having a preselected 
energy gap. comprising: 

producing luminescence radiation within a sample of 
the semiconductor by irradiating the sample with 15 
incident photon radiation having a characteristic 
energy at least as great as said energy gap; 
modulating the intensity of the incident radiation 
according to a simple sinusoidal wave form having 
a frequency of at least 1.6 megahertz to induce 20 
modulation of the luminescence radiation at a 
phase shifted from the incident radiation; 
detecting the luminescence radiation; and 
isolating information as to the amount by which the 
phase of the luminescence radiation is shifted rela- 25 
tive to the incident radiation, as a measure of mi- 
nority carrier lifetime. 

2. The method of claim 1 wherein: 

the phase shift information is isolated by comparison 
to a reference signal modulated at said frequency. 30 

3. The method of claim 2, wherein: 

the phase shift information is summed over a 217- 
range in the phase of the reference signal. 

4. The method of claim 1, wherein: 

the step of detecting luminescence radiation com- 
prises transforming the radiation to a modulated 
electrical signal; and 

the phase shift information is isolated by mixing said 
electrical signal with a reference electrical signal 40 
modulated at said frequency and having a phase 
which is known relative to the phase of the incident 
radiation, and isolating a direct current component 
of the mixed signal. 

5. The method of claim 4, wherein: 45 

the minority carrier lifetime is calculated by varying 

the phase of the reference signal over a range of 2ir 
radians and integrating the direct current compo- 
nent over said 2v range. 

6. The method of claim 1, wherein: 50 

the direct band-gap semiconductor is chosen from a 

group consisting of GaAs, AUG Ad-*) As (with 
x<0.44), GaSb, In As and InP. 


14 

7. The method of claim 1 wherein: 

the direct band-gap semiconductor is GaAs. 

8. The method of claim 7 wherein: 

the incident radiation is modulated at a frequency of 
approximately 100 megahertz. 

9. The method of claim 1 wherein the detecting step 
comprises: 

delecting on a selective basis radiation having a char- 
acteristic energy less than said energy gap. 

10. The method of claim 9 wherein the selective de- 
tection step comprises: 

filtering the luminescence radiation to exclude radia- 
tion reflected by the sample; and 
exposing a photodetector to the filtered radiation. 

11. Apparatus for measuring minority carrier lifetime 
in a direct band-gap semiconductor having a prese- 
lected energy gap, comprising: 

means for irradiating a sample of the semiconductor 
with incident photon radiation having a character- 
istic energy at least as great as said energy gap, 
such that luminescence radiation is generated 
within the sample; 

means for modulating the intensity of the incident 
radiation according to a simple sinusoidal wave- 
form having a frequency of at least 1.6 megahertz 
to induce modulation of the luminescence radiation 
at a phase shifted from the incident radiation; 
means for detecting the luminescence radiation; and 
means for isolating information as to the amount by 
which the phase of the luminescence radiation is 
shifted relative to the incident radiation, and using 
that information to calculate minority carrier life- 
time. 

12. The apparatus of claim 11 wherein: 

the means for detecting luminescence radiation com- 
prises means for transforming the radiation to a 
modulated electrical signal; and 
the means for isolating information as to the amount 
by which the phase is shifted comprises means for 
mixing said electrical signal with a reference elec- 
trical signal modulated at said frequency and hav- 
ing a phase which is known relative to the phase of 
the incident radiation. 

13. The apparatus of claim 12, wherein: 

the information isolation means further comprises 
means for isolating a direct current component of 
the mixed signal. 

14. The apparatus of claim 12 which further com- 
prises: 

means for varying the phase of the reference signal 
and integrating said direct current component over 
a range of 2ir radians. 

* * * * * 
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